Coupled plasma filtration adsorption (CPFA) is a detoxification system that combines a plasma adsorption circuit with a continuous renal replacement therapy. The circuit consists of a plasma filter, a resin/adsorbent cartridge and a haemofilter. It differs from many other types of extracorporeal therapies in that the upper part of the circuit can be considered a "closed loop". In this manner, the plasma separated by the plasma filter passes through an adsorbent cartridge containing a resin with high affinity to many cytokines, mediators and toxins/poisons. After passing through the cartridge, the purified plasma is returned to the patient. The second part of the circuit, the haemofilter, can then be used to remove small toxins that are not adsorbed by the resin or to modulate the patient hematic volume. Although more complex, the use of a plasma-separation step prior to the passage through the resin cartridge offers advantages over adsorption by haemoperfusion. The plasma passes through the resin cartridge with a lower velocity than the blood flow, and this allows better contact time for the toxins with the resin, and more thorough penetration into the resin pores. The adsorption of many toxins is highly dependent on a factor expressed as linear velocity.
Introduction
Coupled plasma filtration adsorption (CPFA) is an extracorporeal blood purification treatment, which combines a first stage of plasma separation and adsorption of cytokines, inflammatory mediators and/or toxins, followed by a second stage of haemofiltration for Blood Purif 2018;46:228-238 DOI: 10.1159/000490234 volume control and removal of small water-soluble mediators ( Fig. 1) .
CPFA was originally developed as a treatment for sepsis in the mid-1990s to address the need to remove inflammatory mediators and cytokines that are not easily or effectively removed by conventional extracorporeal methods (haemodialysis, haemodiafiltration, plasma exchange) [1] .
The technique later evolved to include more generalized applications to remove other inflammatory mediators and toxins in clinical situations such as liver failure, rhabdomyolysis and cytokine response during severe non-infectious systemic anti-inflammatory response syndrome (SIRS) and poisoning. It offers the advantage of better extracorporeal depurations compared to traditional renal replacement therapies, since the increased pore size of the plasma membrane permits passage of large cytokines and mediators, which normally would not be possible with traditional haemodialysis membranes, with subsequent adsorption to the hydrophobic resin. It also offers an advantage over high permeability, high volume or plasma exchange in that there is a minor loss of albumin, protein or many important physiologic components, since many of these molecules are not adsorbed by the resin and can be reinfused back to the patient.
In 2003, Ronco et al. [2] proposed to use CPFA to remove pro-and anti-inflammatory mediators in a nonselective manner using the concept of the "peak concentration hypothesis" to remove excess peaks of soluble mediators found in the blood. He also suggested that in addition to conventional continous veno venous hemofiltration (CVVH), that high volume or high permeability or adsorption may be alternative techniques to augment the removal of these excess cytokine peaks [2] . Although blood purification was used in animal experiments as early as 1948, growth was limited by technology. The concept of using extracorporeal techniques in critically ill patients for simultaneous and non-selective removal of many cytokines involved in the septic process gave rise to a new era in blood purification. This generated many new technologies and devices with a renewed interest to use extracorporeal therapy as a tool for immunomodulation and went far beyond the traditional use of only providing renal support for small toxin removal or volume control. At that time, cytokines were often considered pro-inflammatory or anti-inflammatory and a hypothesis emerged that there were 2 main processes that were driving the inappropriate immune/inflammatory response: a (SIRS and a compensatory anti-inflammatory response syndrome [CARS]) [3] . Both were considered detrimental to the patient response. SIRS was thought to play an important role in generating a strong inflammatory response that further augmented coagulation disorders, oxygen radical production all leading to organ dysfunction, while CARS was thought to be important in suppressing the appropriate immune response to fight infection.
As the understanding of the pathophysiology of sepsis continued to grow, the complexity of sepsis became much clearer [4] . SIRS and CARS probably do play a role but in a much more complex intertwined manner. Cytokines and inflammatory mediators need to be considered in the context of more than "pro" or "anti" inflammatory, but rather are they produced appropriately at the right concentration, right location and at the right time. Despite this more complex role, excess cytokines do seem to play a role in the clinical consequences of sepsis. Several studies have shown that a sustained excess production of both types of cytokines that were typically classified as either pro-or anti-inflammatory are associated with increased morbidity and mortality [5] .
Recently, there has been a renewed interest to evaluate whether the use of adsorption may offer depurative benefits by the possibility to adsorb larger cytokines/mediators associated with certain non-septic, non-acute kidney injury (AKI) indications such as myoglobin for patients with severe rhabdomyolysis, removal of toxins associated with liver dysfunction/failure or elimination of poisons or drug overdoses when these have limited removal by haemodialysis or haemodiafiltration.
There are many triggers for inflammation in critically ill patients and both sepsis and sterile systemic inflammation share many inflammatory pathways. In bacterial sepsis, pathogen-associated molecular patterns interact with pattern recognition receptors, including toll-like receptors.
Sterile inflammation includes conditions such as severe non-penetrating poly-trauma, ischaemia-reperfusion injury and haemorrhagic shock. In these circumstances, endogenous molecules, such as DNA, histones and heat shock proteins are released upon cell damage or necrosis. These are called danger-associated molecular patterns and trigger the inflammatory response by many of the same pattern recognition receptors as in sepsis [5] .
In both sepsis and sterile inflammation, there is a balance between an appropriate and dysregulated inflammatory response. Cytokines are important in the host response to neutralize bacteria and are essential for the repair process of damaged tissue. An excess hyper-productive inflammatory response, as well as the simultaneous production of cytokines that attenuate the response can lead to an excess of cell activation, inappropriate microbial inactivation, further activation of the inflammatory cascade, oxygen radical mediated damage and organ dysfunction [6] .
Dysfunction of a single organ system and subsequent productions of toxins or mediators can also lead to a dysregulation or dysfunction of other organ systems. An example of this is the production of high levels of bilirubin and toxic fatty acids during acute hepatic failure. These toxic hydrophobic molecules can bind to liver-associated fatty acid binding protein and subsequently lead to cast nephropathy or nephrotoxicity, since they are filtered by glomeruli and internalized by proximal tubule cells probably by megalin-mediated endocytosis [7] . This highlights the importance of a better understanding of pathophysiologic mechanisms of organ damage, and what molecules may be useful to target with adsorptive therapies.
CPFA as a Therapeutic Tool
Extracorporeal therapies use different approaches for depuration including diffusion, convection, adsorption or plasma exchange. The open questions however are as follows: Which therapy should be used? When should the therapy be started? Which patients will benefit? What cytokines are beneficial to remove? How can you avoid the loss of beneficial substances? How can you evaluate whether the therapy is effective?
Most cytokines and mediators implicated in the pathophysiology of sepsis and organ dysfunction during critical illness are too large to be removed efficiently with conventional haemodialysis or haemofiltration. It is important to consider not only the cytokine molecular weight but also the molecular dimension (or essentially the shape of the molecule as it rotates in solution), commonly expressed as the Stokes-Einstein radius. The molecular dimensions of these cytokines do not pass easily through the haemodialyzer pores. This limits removal by the barrier created between the cytokine in the blood compartment and the haemodialyzer membrane, even in the presence of high convective volumes. If the cytokine does not pass through the membrane pores, it will remain on the High permeability dialyzers were introduced to increase the removal of larger cytokines, but have the disadvantage of being able to be used for only short periods of time due to the risk of losing large quantities of albumin and other important physiologic substances.
Haemo-and plasma perfusion, where either blood or plasma pass through an adsorptive cartridge, offer the possibility to bind to an adsorptive matrix and selectively remove either specific mediators or toxins, or classes of mediators based on particular properties, such as hydrophobicity. These also offer distinct advantages in that the surface area of the adsorbent matrix can be quite large -as much as 700-1,000 m 2 /g material.
CPFA is a therapeutic tool that works based on plasma adsorption to provide depurative support for removing excess cytokines, toxins and inflammatory mediators. It also provides support for volume control and small solute removal by the second haemofilter used for CVVH. The cartridge contains a hydrophobic divinylbenzene styrenic resin that was chosen based on removal of many different types of mediators including Interleukin 1β (IL-1β), tumor necrosis factor alpha (TNF-α), IL-6, IL-8, C3a des Arg and IL-10 ( Fig. 2) . The choice of using plasma filtration instead of haemoperfusion was due to in vitro experiments where it was observed that for some cytokines, there was better binding at lower flow rates [1] . Patient blood passes through the cartridge at a much higher flow rate during haemoperfusion compared to plasma perfusion.
The concept of flow rate is important in any type of adsorptive process using a cartridge. The linear velocity is the term that describes the relationship between the fluid speed and the flow path. It is directly related to the sample flux through the column and the column radius [8] . contact time with resin (Fig. 3) . Decreased adsorption efficacy is often observed if plasma flow rate becomes too fast [8] .
Many cytokines do not have sufficient time for binding to the resin at high flow rates, or in some cases, there is good binding at the start of a session, but this can decrease after a short time due to protein fouling on the resin surface. The CPFA cartridge was optimized for both flow and geometry for adsorption over extended periods of treatment time, and to avoid direct blood contact with the resin, which can sometimes lead to excess protein deposition/fouling and cell activation.
Typically, the session time for CPFA is 10-12 h with a minimum amount of plasma treated 0.2 L of plasma/ kg/day based on ideal body weight. This dose of minimum plasma treated was based on previous studies that appeared to show a benefit for this minimum amount [9] [10] [11] . Typical blood flow rates for CPFA are approximately 150 -200 mL/min, whereas the plasma flow is dependent on a fractional filtration of 10-22% of the blood flow, finally the convective clearance of low and middle molecules takes place through the haemofilter and a filtration fraction less than 25% is required ( Table 1) .
The technique should be considered a supportive therapy for depuration of cytokines and needs to be used with appropriate standard of care (antibiotics, appropriate fluid support, other organ support) according to best clinical practice for critically ill patients. Although CPFA is commonly included in the terminology and discussions of continuous renal replacement therapy, it does not need to be limited to patients with AKI. Instead, it is commonly used for clinical syndromes such as sepsis, septic shock, non-infectious severe SIRS, where there is the clinical judgement that removal of excess cytokines may be useful.
CPFA During Septic Shock
The first in vivo experience of CPFA was done in a rabbit model of endotoxemic shock that evaluated survival with or without CPFA [12] . Rabbits were divided into 4 groups consisting of CPFA or a sham circuit, with or without endotoxin administration. The authors observed a significant increase in 72-h cumulative survival in rabbits administered endotoxin and treated with CPFA compared to rabbits that received endotoxin but were treated with a sham circuit.
This was followed by a pilot study to determine whether there would be a potential benefit for patients with septic shock. Ten patients with septic shock were randomly allocated to either CPFA or CVVHDF. Although both techniques showed an improvement of the mean arterial pressure, patients treated with CPFA had a greater improvement in haemodynamic stability. In addition, the authors evaluated immunoresponsiveness of healthy monocytes to incubation with plasma at the entrance to the adsorbent cartridge or immediately after the cartridge at different time points. Incubation of the monocytes with post-cartridge patient plasma, particularly at the end of the 10-h session, was associated with a restoration of the monocytes to produce tumor necrosis factor alpha upon stimulation with lipopolysaccharides [13] . Several later subsequent studies also observed an improvement in haemodynamic parameters with CPFA [14, 15] .
Based on encouraging small studies, a group of Italian intensivists, GiViTI, decided to do a large randomized multicentre interventional study, COMPACT, to evaluate hospital mortality in septic shock patients by comparing patients treated with CPFA vs. standard of care [10] . This trial was stopped due to technical difficulties associated with the technique. Nearly 50% of the patients did not reach the target amount of plasma (primarily due to coagulation of the circuit). Although the trial did not see any statistical difference in hospital mortality between the 2 groups, they did observe what appeared to be a plasma-dose related benefit for survival in the patients that received the full amount of plasma treatment (at least 0.2 L plasma/kg/day) from an a priori planned subgroup analysis.
This prompted 2 additional randomized controlled studies: ROMPA -a multicentre interventional CPFA study based in Spain, which is still ongoing [16] , and a second study, COMPACT2, by the same group of Italian physicians, which has an adaptive study design to evaluate technical feasibility to achieve high doses of treated plasma, days free of septic shock and mortality.
One of the major concerns about using any blood purification therapy to treat critically ill patients is that there is concern that not enough is known about the underlying pathophysiology and the target for removal. A recent study by Castellano et al. [17] tried to address this issue with the use of a swine model to study the pathophysiology of endotoxin-induced AKI. They infused LPS and observed acute tubulointerstitial fibrosis and endothelial dysfunction that occurred within 9 h of LPS injection. Treatment with 6 h of CPFA significantly prevented acute fibrosis by preserving the endothelial phenotype in both peritubular capillaries and renal arteries. Their work suggested that the mechanism for this was due to the removal of the lipopolysaccharide-binding protein from the plasma, which was shown to have significant adsorption by the CPFA cartridge [17] .
CPFA and Liver Dysfunction
CPFA has also been used to remove toxins associated with liver dysfunction (Table 2, Fig. 4) . Although traditional haemodialysis or haemofiltration are effective techniques for clearance of ammonia and small molecules, they are not effective for the removal of proteinbound toxins [18] . Harm et al. [19] reported that the hydrophobic polystyrene-divinylbenzene copolymer of CPFA resin cartridge (type B copolymer: mean diameter 128 micron, pore size 30 nanometres and surface area of 700 m 2 /g of resin) binds in vitro higher amount of bilirubin than the amount of bilirubin bound with the other kinds of polystyrene-divinylbenzene copolymer matrices tested (type A copolymer: mean diameter 120 micron, pore size 15 nanometres and surface area of 900 m 2 /g of resin; type C copolymer: mean diameter 37 micron, pore size 100 nanometres and surface area of 200 m 2 /g of resin). Nonetheless, the same resin achieves an optimal in vitro detoxification for tryptophan and phenols, 2 important protein-bound toxins that act as false neurotransmitters related to the hepatic encephalopathy [19] . As a consequence, CPFA might be employed (a) as a bridge to the recovery of basal liver function or to liver transplantation in case of acute or acute on chronic liver failure; (b) for the prevention of bile cast nephropathy in case of total bilirubin values ≥20/dL [20] . A few authors also assessed the in vivo detoxification ability of CPFA during liver dysfunction (Table 3) . Maggi et al. [21] reported their experience on using CPFA for 2 post-liver transplant patients that developed allograft dysfunction and hyperbilirubinemia linked to chronic rejection [21] . They used 3 treatment cycles lasting 6 h. In the first case, the high bilirubin levels were the expression of early allograft dysfunction in a patient that had received a marginal liver due to steatosis. In the second patient, the patient displayed late hyperbilirubinemia with signs of mild acute rejection that evolved to chronic rejection. In both cases there was a marked bilirubin reduction (approximately 40%) over the course of treatment and patients were successfully discharged from the hospital. The second patient, however, had a much poorer overall prognosis and eventually died later of other complications. The authors suggested that prognosis should be one of the key points to decide whether or not to use CPFA, if this is a bridge to other definitive therapies.
Caroleo et al. [22] also reported their experience of treating a 70-year-old woman who developed hypoxic hepatitis secondary to cardiogenic shock. The patient was admitted to the ICU after complications from cardiac surgery. She further developed AKI and a dramatic increase in serum aminotransaminase activity and hyperbilirubinemia from hypoxic hepatitis [22] . CPFA was used to remove inflammatory mediators and reduce bilirubin and fluid overload. In addition to beneficial renal and haemodynamic effects, they observed a removal rate for conjugated bilirubin of 47.8% after the first CPFA cycle and 53.8% after the second cycle and 59.3% after the third cycle.
Our group [23] carried out successfully 2 CPFA treatments, 6-h length, in a patient with acute liver failure with jaundice and encephalopathy. The bilirubin reduction rate per each session was 41%. In the latter case, the patient started CPFA with a total bilirubin value of 71 mg/dL, and 8 L of plasma was detoxificated for each CPFA session. Currently, there is an independent observational study (HERCOLE, ClinicalTrials.gov ID: NCT03312036) that will try and address the question as to whether there is a survival benefit and a detoxification efficacy of CPFA for using 6-h length CPFA in patients with acute or acute on chronic hepatic failure [24] . An interim analysis after the enrolment of 9 patients assessed that at 1 year of follow-up, 2 patients died during the hospitalization; 7 patients were followed like outpatients and 1 of them is no more in the waiting list for liver transplantation. A total of 22 CPFA treatments were carried out. As to the detoxification efficacy, the median reduction rate per CPFA session for total bilirubin was 28% (range 2.2-40); for direct bilirubin was 31.4 (range 8.5-48.6); for indirect bilirubin was 29.1% (range 6.6-65); and for bile acids was 30.6% (16.7-59.6). De Simone et al. [25] confirmed that CPFA therapy is an effective detoxification therapy for hyperbilirubinemia in 10 patients affected by hilar cholangiocarcinoma complicated with obstructive jaundice. Thirty-four CPFA treatments were carried out and CPFA reduced preoperative bilirubin by 30% [25] .
Emerging Additional Indications for CPFA
Although the most common experience for CPFA has been in the applications of sepsis and septic shock, the resin in the plasma cartridge is also able to remove cytokines in various systemic inflammatory states, myoglobin, various toxins and some drugs associated with overdose.
Conventional haemodialysis is not able to remove myoglobin efficiently and high circulating levels can lead to further glomerular and renal tubule damage [26] . The resin in the CPFA cartridge has a high affinity for myoglobin associated with rhabdomyolysis. Lai et al. [27] recently published a report of 2 case series where they used CPFA in 2 kidney transplant patients with severe unexplained rhabdomyolysis. In both cases, they had a marked reduction in myoglobin and an improvement in many inflammatory parameters such as CRP. They suggested the CPFA may have had a role in the improvement of the clinical situation of the patients by (1) the adsorption of myoglobin, (2) removal of inflammatory mediators and (3) management of AKI in this setting with the addition of the simultaneous use of CVVH. Another case series report by Pezzi et al. [28] was recently published reporting the use of CPFA for traumatic rhabdomyolysis in 4 patients with AKI. They used CPFA for 10 h followed by CVVH for 14 h. Two patients underwent 3 treatments in 72 h, while the other 2 patients underwent 4 treatments in 96 h. They observed a marked decrease in myoglobin and creatinine kinase and an improvement in renal function for all 4 patients after each CPFA session and at the end of the 3rd or 4th treatment.
Another example of a very complex case treated with CPFA was that of a morbidly obese 77-year-old woman with post-vaccination complications of Guillain-Barre' [29] . The patient was treated with IV immunoglobulin, but she experienced complications of hyperthermia, cardiac arrest and septic shock. The patient underwent 2 h of cardiopulmonary resuscitation and was haemodynamically unstable. CPFA was started for 10 h followed by 12 h of CVVH. At the end of the treatment, there was a significant improvement in inflammatory markers and d-dimer. After 36 days, the patient was discharged with full ability to spontaneously move all limbs and was without any sensory or motor deficit. The authors suggested that the good clinical response obtained with the application of the CPFA in this patient has contributed to positive effects both on the septic shock and on the inflammatory demyelinising polyneuropathy.
A case of CPFA application during thyreotoxicosis to achieve free triiodothyronine (FT3) and free thyroxin (FT4) adsorption was also reported by our group [23] . Two CPFA sessions were carried out with 8 L of plasma detoxificated for each CPFA session. The resin saturation with FT3 or FT4 was checked by means of measuring the plasma FT3 and FT4 levels before and after the cartridge every hour from CPFA start for 7 times until the CPFA end. The resin of CPFA allowed the adsorption of FT3, with a reduction rate per session between 30 and 36%. The FT3 post cartridge values remained lower than the pre-cartridge FT3 values also after 6 h indicating that there was no saturation of the resin after 6 h of treatment. This would potentially allow even longer treatments for FT3 removal. Nonetheless, the resin also showed a high affinity with rapid saturation for FT4 because after 4 h of treatment, the post cartridge FT4 values approached the pre-cartridge values. Such behaviour did not cause a significant reduction in the circulating FT4 values, indicating a rapid shift from the bound T4 pool to the free T4 fraction. Nonetheless, in the same case report, CPFA allowed a significant reduction rare per session of amiodarone plasma levels of 35%.
Future of CPFA and Evolution
Anticoagulation remains an important aspect for success of blood purification techniques. CPFA has recently undergone several modifications to improve the technical aspects and citrate anticoagulation with an increased focus on protocols, software and machine improvements to facilitate the use of both heparin and citrate. Mariano et al. [30] assessed a rather higher than typical circuit citratemia of 6 mmol/L in both HDF predilution and HF pre/postdilution and found that the best dialysis modalities to maintain a normal systemic citratemia are through a high rate of citrate loss in the effluent in septic shock patients.
Other groups have approached hybrid or modified systems to try and further eliminate both cytokines and bacterial components such as endotoxin. An example of this is the work of Yaroustovsky et al. [31] that combined CPFA with LPS adsorption by the Toraymyxin columns and carried out 40 extracorporeal treatments in 20 patients with severe sepsis after cardiac surgery. The 28-day survival rate was 65% in the study group and 35% in the control group. In contrast to controls, patients who underwent CPFA + Toraymyxin experienced a significant increase of mean arterial pressure and of the mean oxygenation index and a significant decrease of endotoxemia and of procalcitonin levels.
A future approach might be the CPFA use also in case of exogenous poisoning: in case of poisons with high protein binding (e.g., amiodarone [23] ) the resin competes with albumin for binding and removes the protein-poison complexes [32] . Previously, Berning et al. [33] also observed the effectiveness of plasma perfusion with resins in the elimination of toxic substances: after the separation Blood Purif 2018;46:228-238 DOI: 10.1159/000490234 from blood, plasma was perfused on the resin adsorber. Thirty patients underwent plasma perfusion and during each treatment, a mean volume of 3,800 mL of plasma was treated and returned to the patients. No side effects were reported [33] .
In conclusion, the main advantage of CPFA is its ability to treat a higher amount of plasma without plasma or albumin replacement and with a high haemodynamic tolerance. The role of the haemofilter is intended to enhance the haemodynamic tolerance of the extracorporeal treatment and remove water-soluble toxins in the range of the medium molecules. Combining plasma adsorption and haemofiltration is useful, especially for those toxins with a high volume of distribution that can benefit from a prolonged extracorporeal detoxification. Nonetheless, the depurative efficiency of CPFA might be further improved, in particular with regard to increased surface area of the resin, and the possibility to tailor more specific resins to target different toxins and mediators.
